Optical Nanoscopy with Excited State Saturation at Liquid Helium Temperatures

Compared to super-localization approaches, our technique offers a unique opportunity to superresolve single molecules having overlapping optical resonance frequencies, paving the way to the study of coherent interactions between single emitters and to the manipulation of their degree of entanglement.
The controlled, coherent manipulation of quantum systems is an important challenge in modern science, with significant applications in quantum technologies 1 . Solid-state quantum emitters such as single molecules 2 , quantum dots 3, 4 and defect centers in diamond 5 are promising candidates for the realization of quantum bits and quantum networks. Arrays of strongly interacting solid-state quantum systems are indeed appealing platforms for the preparation of collective delocalized states formed by the entanglement of individual emitters. Since coupling mechanisms such as dipole-dipole or tunneling occur on a nanometer scale, it is crucial to develop experimental schemes which optically resolve quantum emitters at this scale and allow the manipulation of their degree of entanglement 6, 7 .
The formation of collective quantum states from coupled optical emitters being a general phenomenon, these experimental schemes can also be useful for the study of many other systems including light harvesting complexes 8, 9 , polymer conjugates 10 , quantum dots molecules 11 and hybrid systems 12 .
Quantum emitters efficiently coupled to a photonic nanocavity with a small mode-volume 13, 14 or to a plasmonic structure 15 also constitute promising systems for the realization of integrated solid-state devices for quantum photonics. To utilize such exceptional characteristics in scalable on-chip circuits 16 , efficient and deterministic coupling to photonic structures requires simple optical techniques for nanometer localization of the emitters with respect to the nanostructures.
In this context, organic fluorescent molecules embedded in well chosen solid matrices at liquid helium temperatures behave as simple two-level systems with a fluorescence quantum yield close to unity, thus offering optical properties of a test-bench system for quantum optics [17] [18] [19] [20] [21] . The absorption spectrum of a molecule presents a sharp zero-phonon line (ZPL), which is characterized by an extremely low saturation intensity (of the order of 1 W.cm -2 ). In many well-studied host-guest systems, its linewidth reaches its fundamental lower bound determined by the emitting state inverse lifetime 22 .
Moreover, the photostability of organic molecules is these systems is excellent and allows continuous optical measurements over days 23 .
Although the various super-resolution microscopy techniques [24] [25] [26] [27] [28] [29] are now commonly used at room temperature, e.g. in biological applications, their extension to low temperatures is in its infancy [30] [31] [32] , mainly because of the inherent experimental complications of cryogenics and unsuitable photo-physical properties of usual markers at these temperatures. At liquid helium temperatures, two approaches have been developed to localize individual aromatic molecules with a lateral accuracy well below the diffraction limit. The first one is based on the spectral selection of single molecules with ultra-high-resolution laser spectroscopy and the analysis of the intensity distribution of their image spots on a CCD camera 33 . This method of localization of emission spot centers is simple but fails to super-resolve strongly coupled molecules, which generally have overlapping optical resonances. The second method is an experimental "tour de force" which combined fluorescence excitation spectroscopy and a scanning probe electrode inducing an inhomogeneous electric field used to record Stark-shift maps of single molecule lines 6 . In this work, we describe a cryogenic super-resolution optical microscopy method based on excited state saturation (ESSat) of individual fluorescent molecules. We show that ESSat microscopy is a simple technique, which can achieve sub-ten nanometer resolutions at low light intensities. It also provides a unique possibility to super-resolve single molecules having overlapping ZPLs. recorded at an intensity ! 8 =13 kW.cm -2 , which is four orders of magnitude larger than ! " . In this case, we achieve an optical resolution of 4.4 nm, close to the expected value of 3.8 nm determined by equation (1) . This resolution is about a hundredth of the diffraction limit (380nm) and approaches the size of the molecule (~1.5 nm). It is noteworthy that these resolutions are lower than the best achieved at room temperature with color centers in diamond using STED 34 and ground state depletion Figure 4d presents a modulated-ESSat image of a single molecule for which we achieved the best resolution at higher saturation. In this case, the cross-section profile of the image gives a resolution of ~9 nm (Figure 4e ). This value is twice larger than that obtained with direct-ESSat due to longer integration times over which residual vibrations of the cryogenic microscopy setup are integrated.
Finally, in contrast with super-resolution microscopy methods based on single molecule localization 32, 33 , we demonstrate that modulated-ESSat provides a unique capability to super-resolve non-blinking molecules with spectrally stable overlapping optical resonance. Two such molecules, which are not resolved with classical confocal microscopy in Figure 4f , are clearly super-resolved in Figure 4g when imaged with modulated-ESSsat microscopy.
In conclusion, we developed a simple super-resolution microscopy method operating at 
